Genetically encoded fluorescent sensors can be valuable tools for studying the abundance and flux of molecules in living cells. We recently developed a novel class of sensors composed of rnas that can be used to detect diverse small molecules and untagged proteins. these sensors are based on spinach, an rna mimic of GFp, and they have successfully been used to image several metabolites and proteins in living bacteria. Here we discuss the generation and optimization of these spinach-based sensors, which, unlike most currently available genetically encoded reporters, can be readily generated to any target of interest. We also provide a detailed protocol for imaging aDp dynamics in living Escherichia coli after a change from glucose-containing medium to other carbon sources. the entire procedure typically takes ~4 d including bacteria transformation and image analysis. the majority of this protocol is applicable to sensing other metabolites and proteins in living bacteria.
IntroDuctIon
The ability to monitor changes in abundance of molecules in living cells is crucial for studying cellular physiology. We recently described a generalizable, fluorescence-based approach for sensing small molecules and proteins in vitro and in living bacteria. This approach involves fusing an RNA aptamer, which is selective for a target ligand, to the Spinach aptamer, which is an RNA mimic of GFP [1] [2] [3] .
Spinach is a 98-nt-long RNA aptamer that binds to and switches on the fluorescence of 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), a small molecule that resembles the chromophore of GFP 1 . Importantly, both Spinach and DFHBI are essentially nonfluorescent when unbound, whereas the Spinach-DFHBI complex is brightly fluorescent both in vitro and in living cells 1 .
We extended the Spinach technology to develop a modular platform for generating sensors to small-molecule metabolites 2 . To do this, we fused previously published RNA aptamers for target metabolites into stem loop 3 of Spinach via a transducer stem (Fig. 1) . In the absence of a ligand, the aptamer region (recognition module) and Spinach are unfolded, and thus nonfluorescent. However, in the presence of a ligand, the aptamer region folds, which induces the folding, dye binding and fluorescence of Spinach.
A major advantage of the modular, Spinach-based sensor design strategy over other genetically encoded sensors is that it is readily adaptable to monitor a wide array of target molecules 4 . In principle, a sensor can be made for any ligand that has a corresponding aptamer, such as an aptamer generated using the systematic evolution of ligands by exponential enrichment (SELEX) approach. SELEX has been used to generate highly specific aptamers for a diverse range of targets 5, 6 .
This generalizable approach to sensor construction is in contrast to the generation of FRET-based sensors. Current FRETbased sensors are composed of a fluorescent protein FRET pair fused to either side of a protein recognition element specific for a ligand of interest 7, 8 . In the presence of a ligand, the protein undergoes a conformational change that results in a change in FRET signal. Such sensors are useful because they are genetically encoded, and they have been successfully used to monitor multiple cellular metabolites in living cells in real time. However, these FRET-based sensors are not easily generalizable, as they rely on the existence of a ligand-binding protein that binds specifically to the target and undergoes enough conformational change upon binding to alter FRET efficiency. Many proteins and metabolites lack such a protein, which makes the development of FRET-based sensors very challenging.
Several other fluorescence intensity-based protein sensors have been successfully used to monitor ions, small molecules and proteins 9 . These methods typically involve bifluorescence complementation of a single fluorescent protein upon ligand binding or modulation of the intrinsic fluorescence of a fluorescent protein by a target ligand 9 . However, none of these approaches is easily generalizable to monitor any ligand of interest. It is important to note, however, that a shared weakness of all fluorescence intensitybased sensors, including Spinach-based sensors, is that they require coexpression of another fluorescent protein to which to normalize the fluorescence signal. This is particularly important in order to control for variations in cellular volume. Fluorescence intensity-based sensors tend to be most useful for monitoring changes in ligand concentrations rather than for precise measurements of absolute ligand concentrations.
To date, we have generated Spinach-based sensors to study the small-molecule metabolites adenosine, ADP, S-adenosylmethionine (SAM), guanine and GTP 2 , and the proteins streptavidin, thrombin and MS2 coat protein (MCP) 3 . Spinach-based sensors for the second messengers cyclic di-GMP 10,11 and cyclic AMP-GMP 10 were also recently reported. A detailed list of currently available sensors is provided in Table 1 . In this protocol, we describe the method developed in our laboratory for using Spinach-based sensors to image ADP dynamics in living E. coli cells in response to varying carbon sources. We also discuss the use of Spinach-based sensors to monitor dynamic changes in target protein expression in E. coli.
Experimental design
Generation of Spinach-based sensors. Spinach-based sensors can be developed rapidly against a wide variety of ligands, because they take advantage of the widely used SELEX approach for aptamer generation 5, 6 . The SELEX technique can be carried out in 3-4 weeks, and it involves the screening of a large library (typically >10 13 unique molecules) to enrich for sequences that bind a target ligand. This approach has been successfully used to generate aptamers against a range of molecules including ions, small molecules, metabolites, proteins and protein complexes 6 .
An important aspect of aptamer design for use in a Spinachbased sensor is ligand-binding affinity (EC 50 , Box 1). For proper sensing, a sensor should be tuned to the physiological range of the target molecule. This means that aptamers should be chosen with an EC 50 that will allow relevant changes in concentration to result in linear changes in fluorescence. To obtain such aptamers, SELEX protocols can be modified to enrich for aptamers with a desired binding affinity 6 . The ADP aptamer used in the Spinachbased ADP sensor described in this protocol has an EC 50 of 270 µM ( Fig. 2a) 2 , which is appropriate for monitoring ADP levels in E. coli, as ADP is present at concentrations well below the EC 50 value 12 .
Another key consideration is ligand specificity, as some small metabolite molecules differ from other cellular molecules by as little as a methyl or phosphate group. SELEX has been used to generate highly specific RNA aptamers 13 . For example, SELEX was used to discover the aptamer fused to Spinach in the ADP sensor, which specifically binds ADP, even in the presence of high concentrations of ATP 14 .
Once an appropriate aptamer has been found, a fusion is generated, in which the aptamer is inserted into stem loop 3 of Spinach via a short transducer domain (Fig. 1) . Our studies have demonstrated that the precise sequence of this transducer domain can have a strong effect on the activity of the sensor 2, 3 of each sensor. These test transducer domains vary in both length and complementarity, typically ranging from 1 to 8 bp in length and containing 0-4 mismatches. The optimal transducer domain is chosen on the basis of in vitro fluorescence activation experiments, with the optimal transducer being the one that produces the highest fold-activation signal in the presence of the ligand coupled with the lowest background signal in the absence of the ligand. In the case of ADP sensing, the optimal ADP sensor is composed of the ADP aptamer fused to Spinach via a 4-bp transducer domain 2 ( Table 2 ).
Synthesis and cloning of Spinach-based sensors. A panel of Spinach-based sensors with different transducer domains can be ordered as single-stranded DNA oligonucleotides or as short doublestranded synthetic DNA molecules. These can then be used in PCR to generate template for in vitro transcription reactions, as previously described [1] [2] [3] . The resulting RNA can be used for screening the sensors by using the in vitro assays described below. After determining the optimal sensor based on in vitro analyses, the DNA corresponding to the optimal sensor can then be cloned into a bacterial expression vector under the control of an inducible promoter. To do this, the desired DNA template should be amplified by PCR using primers that encode appropriate restriction sites for cloning into the target vector. Next, the PCR product should be digested with the specified restriction enzymes and it should cloned into the target vector that has also been subjected to the appropriate restriction digest. For the experiments described in this protocol, the ADP sensor was cloned into the pET-28c vector under the control of the inducible T7 promoter for strong expression 2 . It is notable that for all in vivo experiments, we express the Spinach-based sensors in the context of a tRNA 2, 3 . This tRNA acts as a scaffold 15 and improves the folding of Spinach-based sensors, and it has resulted in fluorescence signals that are sufficient to image all sensors tested.
Testing Spinach-based sensors. All Spinach-based sensors should be characterized for function in vitro before their use in live-cell imaging. First, the level of fold activation for the sensor should be measured. To determine fold activation, prepare the sensor by in vitro transcription, and incubate it with DFHBI in the presence or absence of a ligand. The fold activation is represented by the fluorescence value in the presence of a ligand divided by the fluorescence value in the absence of a ligand. Useful sensors will display near background fluorescence in the absence of a ligand, and 10-to-40-fold activation in the presence of a ligand. We observed an 18-fold activation for the ADP sensor in the presence of ADP (Fig. 2b) 2 .
In addition, the EC 50 for ligand binding should be determined by measuring the sensor signal in the presence of increasing concentrations of the ligand. This measurement will also demonstrate the linear range of the sensor and serve as a standard curve for signal measurement. Ideally, the changes in cellular ligand concentration will be within the linear range of the sensor. However, fitting the fluorescence data to generate a standard curve for sensor signal can allow for concentrations outside the linear range of the sensor to be determined mathematically 16 .
The specificity of the sensor should also be tested by determining fold activation by relevant molecules that are chemically similar to the ligand. For example, the ADP sensor shows no activation in the presence of 1 mM ATP, although it differs from ADP by only a single phosphate ( Fig. 2c) 2 .
In addition, the kinetics of fluorescence activation and deactivation of a sensor should be established. These experiments are typically performed in vitro. Ideally, a sensor will respond instantaneously to changes in ligand concentration. However, in practice, some time is necessary for ligand binding to induce the conformation changes in the sensor that lead to fluorescence 2, 3 . Thus, it is important to measure the kinetics of each sensor to ensure that the rates of activation and deactivation are suitable for the processes being monitored. For example, if a sensor requires minutes to achieve maximal signal or lose fluorescence after ligand depletion, it may not be suitable to monitor processes that occur on the order of seconds. The ADP sensor reaches maximal fluorescence after 12 min of incubation with ADP, and it is >90% deactivated after 8 min (ref. 2) , making it suitable for monitoring changes in ADP levels that occur on the scale of tens of minutes. For detailed protocols for each aspect of sensor validation, please refer to Paige et al. 2 and Song et al. 3 . After testing and validation, sensors can be used to monitor ligand concentration dynamics in living bacteria. Validated sensors should then be tested in bacterial cells. Ideally, use control conditions in which the ligand of interest is present at the limits of its normal concentration range; this allows for the dynamic range of fluorescence signal change to be determined empirically 2, 3, 10 . For some ligands, such as ions, these conditions can be artificially generated by perforating the cells and incubating them with buffers that either contain or lack the ligand of interest 17 . At the highest concentrations, fluorescence signal should be high, whereas at the lowest concentrations, fluorescence signal should be near background. For example, in our studies of S-adenosylmethionine (SAM) levels in E. coli, we measured fluorescence signals in cells deprived of methionine 2 , a treatment known to markedly reduce cellular levels of SAM 18 . In the case of our studies measuring MS2 coat protein (MCP) levels, we established our background in E. coli that do not express MCP, whereas the maximal signal was determined by overexpression of MCP 3 . These kinds of control experiments are especially important to demonstrate proper sensor function in cases where no independent measure of ligand concentration is available.
Box 1 | Definitions
If the sensor signal is constitutively high at both high and low ligand concentrations, it indicates that the ligand concentration is too high to be accurately measured by using the sensor, or that the sensor is being activated nonspecifically. If the sensor signal is low or near background level at both high and low concentrations, it indicates that either the ligand concentration is too low to be measured with the sensor or that the sensor is misfolded in cells.
For the sensors that we have tested, we have observed that the high specificity needed for sensor activation observed in vitro was maintained in living bacteria 2, 3 . Once a sensor has been validated in bacteria, it can be used to monitor changes in ligand concentration over time.
Additional considerations. An additional aspect of sensor design and use that should be considered is sensor occupancy. Sensors can be developed that have either high or low occupancy of ligand binding. High occupancy refers to sensors that are always bound to their ligand in normal cellular conditions. Thus, the fluorescence signal is directly proportional to the amount of ligand. This binding mode typically occurs when EC 50 values for ligand binding are low relative to cellular ligand concentrations. We observed this sort of high-occupancy binding for the MCP sensor 3 . This sensor used an MCP-binding domain that was measured to interact with MCP with a K D of around 200 pM (ref. 19) . As a result, each MCP protein, which is present at a concentration of 0-60 µM in cells, is bound to a sensor RNA. A potential advantage of high-occupancy binding is a large dynamic range in signal. A drawback is that the function of the ligand may be compromised by the bound sensor. The sensor RNA concentration needs to exceed the concentration of the target molecule to ensure linear increases in fluorescence.
In contrast, low-occupancy binding occurs when the ligand concentration is lower than the EC 50 value for the sensor, and hence only a fraction of the sensor molecules are bound by the ligand. Low-occupancy ligand binding is observed for the ADP sensor 2 . In this case, the EC 50 is 270 µM, whereas the cellular concentrations of ADP vary between ~100 µM and ~200 µM (refs. 2, 20) . The amount of the sensor that is bound and emitting fluorescence can be approximated by the following equation, where F is the fraction of sensor molecules bound to the ligand, [L] is the cytosolic ligand concentration and EC 50 is the EC 50 for fluorescence activation of the sensor:
A potential advantage of low-occupancy binding is that some fraction of the ligand is free to participate in normal cellular function.
Imaging ADP dynamics in E. coli. Ligand levels may vary in response to growth conditions in cells, and they can be a useful readout of the cellular metabolic state. For example, the levels of ADP rise rapidly under conditions of glucose deprivation, as ATP molecules are consumed by cells.
To monitor this conversion of ATP to ADP in E. coli, we express the ADP sensor from the pET28c vector under the control of an inducible, strong T7 promoter. After induction, cells are added to medium supplemented with various carbon sources and DFHBI and imaged over time. The fluorescence intensity in a given E. coli can then be monitored over time to determine ADP concentration dynamics within an individual cell, as well as a population of cells (Fig. 3) . For these experiments, cells expressing pET28c-tRNA with no sensor are used as controls to determine background fluorescence levels in the presence of DFHBI. Cells induced to express Spinach from pET28c-tRNA-Spinach are also imaged under all conditions to provide a positive control for fluorescence with varying carbon sources.
When available, secondary assays such as commercial kits and HPLC are useful for corroborating results obtained using Spinach-based sensors 2, 3, 10 . Although our control experiments demonstrated that sensor expression is highly uniform among cells 2, 3 , additional controls can include coexpression of Spinachbased sensors with either a blue or red fluorescent protein. If coexpression of a fluorescent protein is used to control for variability in sensor expression, the sensor fluorescence can be normalized to the expression of the fluorescent protein. The fluorescent protein and sensor should be expressed from separate promoters on the same plasmid in order to control for plasmid copy number variability. These types of normalizations may reduce experimental noise 3 .
Additional optimizations may be necessary when you are imaging other sensors. For example, sensor expression level may be adjusted on the basis of promoter strength or length of expression. Lowering sensor expression could enhance the signalto-noise ratio in situations where background fluorescence is high. Conversely, increasing sensor expression could enhance total observable signal for some target molecules. These levels must be optimized individually for each sensor and ligand pair. The Spinach module of the sensor (top row) is shown in normal font; underlined is the sequence of its stem-loop 3, which is to be replaced by the molecule-specific module. The molecule-specific module is shown inserted into the Spinach sequence in the bottom row, in bold, and comprises the transducer module (underline) and the molecule recognition module (italics). See Figure 1 for more information.
Adapting methodologies to protein sensing in bacteria. We recently described Spinach-based sensors to measure protein concentration of untagged proteins in living E. coli 3 . The imaging strategy for monitoring protein levels is analogous to that of monitoring the levels of small molecules described in this protocol. As discussed above, protein sensors must be tested for fold activation and validated for specificity before use. Our experiments with the MCP sensor demonstrated that the sensor signal increased linearly with protein expression in E. coli, and can provide unique insight into cell-to-cell variability in expression levels 3 .
The use of Spinach sensors in mammalian systems. To date, the use of Spinach-based sensors has been limited to in vitro analyses and studies in bacteria. This is due to low signal from Spinachbased sensors in mammalian cells. This low signal is probably caused by the relatively low abundance and poor stability of The results of this assay correlate well to signal changes observed using the ADP sensor. a.u., arbitrary units. 
11| Grow the cells at 37 °C with shaking to OD 600 = 0.4 (~2 h).
12| Add IPTG to a 1-mM final concentration. Continue to grow the cells at 37 °C with shaking for 2 h.  crItIcal step IPTG induction can be carried out for 30 min-4 h. However, if induction is carried out for 4 h, the cells should be monitored for concentration and diluted if the OD 600 exceeds 2. In our experience, no change in fluorescence intensity is observed between 2-and 4-h induction times.
13| Take a 200-µl aliquot from each flask and transfer each to a fresh microcentrifuge tube. Spin the cells at 5,000g for 2 min at room temperature to pellet. Remove the medium from the pellet by aspiration.
14|
Resuspend each pellet in 1 ml of M9 medium supplemented with 2 mg ml −1 glucose.  crItIcal step M9 minimal medium must be used in imaging experiments for two reasons. The first is that components of LB medium will prevent adherence of E. coli to PLL-treated dishes. The second is that M9 medium has low green fluorescence background.
15| Turn on the environmental chamber to prewarm the microscope to 37 °C for imaging.
? troublesHootInG
16|
Remove any remaining water from the wells in the PLL-treated 24-well dish (Step 7). Add 200 µl of each cell suspension sample to 4 wells (12 wells total), and incubate the cells at 37 °C for 45 min to allow E. coli cells to adhere to the glass bottom.
17| Wash the wells twice with 500 µl of M9 medium to remove unattached cells.
18| Replace M9 medium with 200 µl of M9 medium supplemented with 2 mg ml −1 glucose and 200 µM DFHBI, and incubate the cells at 37 °C for 30 min.
Imaging the aDp sensor • tIMInG 4 h 19|
Move the 24-well plate to the microscope in the prewarmed environmental chamber.
20|
Use a ×60 objective under phase illumination to focus on adhered E. coli. ? troublesHootInG
21|
Move the objective to the well containing cells expressing tRNA-Spinach in imaging medium. In this well, focus on a field containing 50-100 evenly adhered E. coli cells.
22|
Switch from phase to fluorescence acquisition with FITC filter sets in place. Determine the proper exposure time by acquiring images from 100-ms to 2-s exposure times. This optimal exposure time will allow for the highest possible signal in which no pixels are saturated. ? troublesHootInG 23| By using NIS Elements or your image acquisition software, find appropriate fields of cells in every well, and save the x, y and z positions for your microscope stage so that you can return to the same optical field.
? troublesHootInG 24| Each of the three samples must be imaged using each carbon source: 2 mg ml −1 glucose, 6.65 mg ml −1 potassium acetate, 4.05 mg ml −1 glycerol or 5.51 mg ml −1 succinate. To change carbon sources, wash each well with 500 µl of M9 supplemented with the appropriate carbon source twice. Immediately before imaging, replace the medium with imaging medium (M9 + appropriate carbon source + 200 µM DFHBI).
25| Set up your software to acquire phase and fluorescence images at time zero (immediately after changing the medium) and every 10 min for 3 h for every well.
Data analysis • tIMInG 1-2 h 26| By using NIS Elements or your equivalent image analysis software, open the first image (t = 0) for the cells expressing tRNA alone in M9 + glucose + DFHBI. This frame will be used to subtract the background fluorescence value from autofluorescence and free DFHBI (Fig. 4) . In NIS Elements, subtract background by opening the lookup table (LUT) and by adjusting the lower bar until the average pixel intensity within the cells is zero (Fig. 4a) . Save this LUT setting and reuse it for all samples grown in glucose. Rename the files and save them as TIFF images. Repeat this step for each carbon source. The free drawing tool (green arrow in toolbar) can be selected in order to draw a circle around an E. coli cell of interest (yellow circle, yellow arrow). Once this object is selected, the software will calculate the average intensity within the cell. This value will be displayed in a pop-up window, as indicated by the red arrow.
33| By using the image with the most intense ADP sensor signal (Step 26), adjust the upper LUT arrow until the brightest cell is red. Save these LUT settings and apply to all other images from the same time course.
34|
To show the intensity scale bar as part of the image, select 'View LUT intensity' from the side panel and 'accept' .
35|
Save false-colored images by creating full-view snapshots. First, show the original image at 100% zoom. Then, select 'create full view snapshot' from the Edit menu. Save this file as the heat map image of ADP sensor fluorescence.
? troublesHootInG Troubleshooting advice can be found in table 3.
• Figure 3a . In our studies, we observed an overall increase in fluorescence of the ADP sensor in cells switched from glucose-to acetate-containing medium, but we observed no substantial change in response to glycerol or succinate. These changes were observable as early as 30 min after changing the medium and increased throughout the 3-h time course of the experiment (Fig. 3b) . No change in signal intensity is anticipated for Spinach signal, regardless of carbon source. In the case of small changes in sensor signal, the average fluorescence values obtained during experimental analysis can be subjected to statistical analysis to reveal whether the changes are significant. As a control for our sensor's activity, we carried out an independent analysis of ADP concentrations by using an ADP fluorometric assay kit (Abcam) in cells grown under identical conditions and switched from glucose to acetate, glycerol and succinate. We obtained results (Fig. 3c ) that were consistent with the observed changes in fluorescence measured with our 
